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The present status of experiments that are being performed at nuclear reactors in order to seek the
neutrino masses, mixing, and magnetic moments, whose discovery would be a signal of the existence of
physics beyond the Standard Model, is considered, along with their future prospects.
Introduction
Presently, searches for neutrino oscillations
and a determination of the neutrino mass
structure are among the foremost lines of in-
vestigation in experimental particle physics.
After a long period of searches for neutrino
oscillations in short-baseline experiments, ex-
plorations at nuclear reactors have entered
a new phase. Investigations in these realms
are now being conducted at ever greater dis-
tances, and, for the first time, the masses of
the neutrinos and their mixing are being in-
vestigated precisely in those regions that are
suggested by the observations of atmospheric
and solar neutrinos.
Specifically, we consider the following ex-
periments and projects:
(i) the CHOOZ experiment that had been
performed by a collaboration of laboratories
from Italy, France, Russia, and the United
States of America and which had been de-
voted to searches for antineutrino oscillations
at long distances from the reactor used (the
experiment had been completed in 1999; the
results were published in [1]);
(ii) the Palo Verde reactor-based exper-
iment that had been performed by a col-
laboration of laboratories from the United
States of America and which had been aimed
at long-baseline searches for neutrino oscilla-
tions (the measurements had been completed
by the middle of 2000; the results obtained
in the exposures of 1998 and 1999 were pub-
lished in [2]);
(iii) the project of the Kr2Det experiment
that will seek oscillations at long distances
from the reactor used the project, which will
pursue oscillations characterized by rather
small mixing angles, currently being devel-
oped for the Krasnoyarsk underground labo-
ratory (600 mwe) [3] (it is foreseen that the
development of the project will have been
completed by 2003);
(iv) the KamLAND experiment that is
being performed at Kamioke by researchers
from Japan and the United States of America
and which is devoted to searches of neutrino
oscillations at very long distances [4] (it is
expected that the first results will have been
obtained in 2002).
The results of these laboratory experi-
ments will make it possible to reveal the role
of electron neutrinos in the anomalies of at-
mospheric neutrinos, to verify the hypothesis
of solar-neutrino oscillations, and to estab-
lish the mass structure of the electron neu-
2trino within the model involving the mixing
of three neutrinos.
By searches of oscillations at long dis-
tances, one usually implies experiments in
which detectors are positioned at distances of
about l km from the reactor employed (long-
baseline experiments). Experiments where
the reactor-to-detector distance is 100 km or
more are referred to as very long baseline
ones. It should be emphasized that it is owing
to impressive advances in developing proce-
dures for reactor-antineutrino detection that
long-baseline and very long baseline investi-
gations became possible.
An extensive list of references on the prob-
lem of neutrino oscillations from the studies
of Pontecorvo and his colleagues [5], an ac-
count of the theory and of the phenomenol-
ogy of this phenomenon, and a description
of the experiments that had been performed
prior to 1997 can be found in the review ar-
ticles [6, 7].
Another line of neutrino investigations at
nuclear reactors focuses on attempts at ob-
serving the neutrino magnetic moment. A
discovery of the neutrino magnetic moment
at a level of 10−11µB (µB is the Bohr mag-
neton) in a laboratory experiment would be
of crucial importance for particle physics and
neutrino astrophysics [8, 9]. In order to ex-
plain so ”large” a value of the neutrino mag-
netic moment, it would be necessary to in-
troduce, in the theory of weak interaction,
the right-handed W boson in addition to the
left-handed one; moreover, the interaction of
the neutrino magnetic moment with the mag-
netic field in the convective zone of the Sun
could enhance νe → νµ,τ transitions (spin-
flavor precession) and lead to the emergence
of a correlation between the recorded solar-
neutrino flux and the magnetic activity of the
Sun. It should be noted that such a correla-
tion was indeed observed [10].
The experiments that were performed at
the reactors in Rovno [11] and in Krasnoyarsk
[12] (see also the review article of Derbin [13])
yielded the constraint µν ≤ 2 × 10
−10µB ,
which is still far from the desired region of
values. In Section 2 we consider the attempts
that are being undertaken at present to im-
prove the sensitivity of nuclear-reactor ex-
periments to the neutrino magnetic moment.
Projects that are based on the use of intense
artificial sources of neutrinos and antineutri-
nos and which seem rather promising are be-
yond scope of this article.
1. SEARCHES OF ANTINEUTRI-
NOS
1.1. Reactor Antineutrinos
A liquid organic scintillator serves as a
target for reactor antineutrinos in all ex-
periments that are devoted to searches for
neutrino oscillations and which are consid-
ered here. Antineutrinos are recorded by the
products of the inverse-beta-decay reaction
ν¯e + p→ e
+ + n, (1)
whose threshold is 1.804 MeV. The cross sec-
tion for reaction ( 1) can be represented as
σ(E) = 9.556 × 10−44(886/τn) (2)
×[(E −∆)2 −m2]1/2(E −∆)(1 + δ)(cm2),
where ∆ = 1.293 MeV, the incident-
antineutrino energy E and the electron
mass m are expressed in MeV; the quantity
δ ≪ 1 takes into account recoil and weak-
magnetism effects and the radiative correc-
tion [14], and τn is the free-neutron lifetime
expressed in seconds.
The positron kinetic energy T in reaction
(1) is related to the absorbed-antineutrino
energy by the equation
T ≈ E − 1.8 MeV. (3)
3In the majority of the cases, photons aris-
ing in positron annihilation are absorbed in
the sensitive volume, with the result that the
recorded positron energy increases by about
1 MeV in relation to than in (3). In all ex-
periments, use is made of the method of de-
layed coincidences between the signals from
the positron and the neutron. In the CHOOZ
and the Palo Verde experiment, neutrons are
recorded by the photon cascade having the
total energy of about 8 MeV and arising upon
neutron capture by gadolinium nuclei that
are introduced in the target scintillator. Nei-
ther the KamLAND nor Kr2Det project em-
ploys gadolinium − the neutron signal is gen-
erated there by 2.2 MeV photons accompany-
ing neutron capture in hydrogen.
In order to analyze the results of relevant
experiments, it is of crucial importance to
know the properties of a reactor as a source
of antineutrinos. Per gigawatt of thermal
power, a nuclear reactor generates more than
2×1020 electron antineutrinos per second, the
majority of which originate from the beta de-
cay of nuclear fragments produced in the re-
actor core upon the fission of uranium and
plutonium isotopes; about a quarter of these
antineutrinos fall in the energy region above
the threshold for reaction (1). Since the sec-
ond half of the 1970s it has been known that
the fragments of different fissile isotopes emit
electron antineutrinos having noticeably dif-
ferent spectra. For the fission of 235U, 239Pu
and 241Pu the most precise information about
the spectra in the region above 1.8 MeV
was obtained at the Institute Laue-Langevin
(ILL, Grenoble) by the method of conversion
of the beta spectra measured for the mixture
of fragments [16]; for 238U, use is made of the
calculated value [17]. Data that concern the
reactor power and the current isotope compo-
sition of the burning nuclear fuel and which
are necessary for computing the flux and the
spectrum of antineutrinos are presented by
the reactor personnel.
With the aim of obtaining a reference
for normalizing data from the CHOOZ ex-
periment, which had already been planned
at that time, the collaboration of Col-
lege de France (Paris), Kurchatov Institute
(Moscow), and LAPP (Annecy) measured in
1992-1994 the total cross section for reaction
(1) at a distance of 15 m from the Bugey re-
actor, whose power is 2.8 GW. The result was
[18]
σexpt = 5.750 × 10
−43cm2/(fission event)
± 1.4%, (4)
which is in good agreement with the cross
section σV−A calculated by taking the con-
volution of the equation cross section from
relation (2) and the spectrum of reactor elec-
tron antineutrinos:
σexpt/σV−A = 0.987 ± 1.4%(expt.)
± 2.7%(σV −A). (5)
Thus, the cross section measured exper-
imentally is more accurate than the com-
puted value and can serve as a metrologi-
cal reference for cross sections in the absence
of oscillations. It should be noted that the
fine features recently revealed in the emis-
sion of reactor electron antineutrinos above
the threshold for reaction (1) increase the er-
ror in the cross section (4) by about 0.5% [19].
This circumstance was taken into account in
determining the parameters of oscillations in
the CHOOZ experiment.
In the next section of the article, we will
consider the spectrum of reactor electron an-
tineutrinos below the threshold for reaction
(1), because knowledge of this spectrum is
4necessary for performing and interpreting ex-
periments that look for the neutrino magnetic
moment.
1.2. Motivation
First of all, we recall basic relations that
are valid in the case of mixing of two
neutrino-mass eigenstates ν1 and ν2, with the
corresponding masses being m1 and m2. We
have
νe = cosθ × ν1 + sinθ × ν2 (6)
In this case, the survival probability P(νe →
νe) − that is, the probability that a neutrino
that is produced in the source used will retain
its original nature at a distance L (m) from
the source − is given by
P (νe → νe) = 1− sin
2 2θ sin2
(
1.27∆m2L
E
)
,
(7)
where sin2 2θ is the mixing parameter,
∆m2 ≡ m22 −m
2
1 is the mass parameter, and
E (MeV) is the neutrino energy.
In experiments, oscillations are sought by
a characteristic distortion of the spectrum of
electron antineutrinos (positrons) and by the
reduction of the event-counting rate. For re-
actor electron antineutrinos, the relevant dis-
tortions of the spectrum and the accompany-
ing reduction of the counting rate are maxi-
mal, provided that
∆m2L ≈ 5 eV2m. (8)
Relations (7) and (8) demonstrate that, for
example, at a distance of I km from the re-
actor, the sensitivity of the experiment being
discussed is the highest at ∆m2 ≈ 5 × 10−3
eV2 and that it becomes poorer fast as ∆m2
decreases.
In the early 1990s, there appeared moti-
vations for seeking reactor-neutrino oscilla-
tions in the range ∆m2 = 10−2-10−3 eV2,
which had not yet been explored by that
time. The investigation of atmospheric neu-
trinos with the aid of the Kamiokande II
and IMB Cherenkov detectors in [20] re-
vealed that the ratio of the muon-neutrino
flux to the electron-neutrino flux is two-
thirds as great as its computed counterpart.
This discrepancy, known as the atmospheric-
neutrino anomaly, could be explained under
the assumption that intense transitions oc-
cur through the νµ ←→ νe channel, through
the νµ ←→ ντ channel, or through both
these channels simultaneously. As to the
mass parameter ∆m2atm, it could lay within a
wide range of values between 10−1 and 10−3
eV2. At present, observations of atmospheric
neutrinos have yielded even mote compelling
grounds to believe that neutrino oscillations
do indeed exist. If the SuperKamiokande
data are analyzed under the assumption that
only the νµ ←→ ντ channel is operative, the
best description is obtained at the following
parameter values [21]:
∆m2atm ≈ 3× 10
−3 eV2 (9)
(the most probable value), sin2 2θatm >
0.88. It should be emphasized that the Su-
perKamiokande data do not at all rule out a
noticeable contribution from the νe ←→ νµ
channel [22].
For more than three decades, the deficit of
solar neutrinos in relation to the computed
data has been considered as a strong argu-
ment in favor of the existence of electron-
neutrino oscillations. An analysis of solar-
neutrino data accumulated by 1998 and the
inclusion of the solar-matter effect, known
as the Mikheev-Smirnov-Wolfenstein (MSW)
effect made it possible to find, in the
5(sin2 2θ,∆m2) plane, a few regions where pa-
rameter values ensure a solution to the solar-
neutrino problem [23]. According to [24], the
situation changed as soon as new data ap-
peared after the commissioning of the Su-
perKamiokande facility in 1998. At present,
one of the solutions − it is referred to as the
Large Mixing Angle (LMA) MSW solution −
provides the best fit to the observation data.
The most probable values of the parameters
that characterize this solution are
∆m2sol ≈ 3× 10
−5 eV2, sin2 2θsol ≈ 0.8 (10)
In the case where two mass eigenstates ν1
and ν2 are mixed, there is obviously one mass
parameter ∆m2 = m22 − m
2
1. The mixing
of at least three mass eigenstates is neces-
sary for two mass parameters ∆m2atm and
∆m2sol to exist. In the case where three
mass eigenstates ν1, ν2, and ν3 undergo mix-
ing and where three active neutrino flavors
νe, νµ and ντ oscillate, there are generally
three mass parameters: ∆m221 = m
2
2 − m
2
1,
∆m231 = m
2
3 − m
2
1 and ∆m
2
32 = m
2
3 − m
2
2.
Of these, only two are independent, since
∆m221 ≡ ∆m
2
31−∆m
2
32. According to (9) and
(10), one of these parameters is two orders of
magnitude greater than the other; therefore,
we have
∆m2sol = ∆m
2
21 ≈ 3× 10
−5 eV2, (11)
∆m2atm ≈ ∆m
2
31 ≈ ∆m
2
32 ≈ 3× 10
−3 eV2.
In the case of reactor neutrinos that is con-
sidered here, there are two mixing parame-
ters in the adopted scheme. They are ex-
pressed in terms of the mixing-matrix el-
ements Uei appearing in the superposition
νe = Ue1ν1 + Ue2ν2 + Ue3ν3 (
∑
U2ei = 1);
that is,
sin2 2θLBL = 4U
2
e3(1− U
2
e3), (12)
sin2 2θV LBL = 4U
2
e1U
2
e2,
where LBL and VLBL stand for, respectively,
long-baseline and very long baseline reactor-
to-detector distances.
Thus, long-baseline and very long baseline
reactor experiments make it possible to (i)
study the role of the electron neutrino in the
region of atmospheric-neutrino oscillations;
(ii) verify whether the hypothesis specified
by (10) is valid for solar-neutrino oscillations;
and (iii) obtain, within the model of three
neutrino flavors, the full pattern of the mass
structure of the electron neutrino.
The question of the number of neutrino
flavors that is greater than three is beyond
the scope of the present article. Yet, it is
worth noting that, according to the data of
the LSND experiment (Los Alamos), νµ →
νe transitions, which are characterized by a
rather small mixing angle are observed in
the region of large mass-parameter values of
∆m2LSND ∼ 1 eV
2 [25]. The existence of
three mass parameters, ∆m2sol, ∆m
2
atm and
∆m2LSND, requires introducing, at least, yet
another mass eigenstate ν4 and one sterile
neutrino νs (either sterile neutrinos do not
interact with other particle species at all, or
the corresponding coupling constant is much
less than the Fermi constant). The problem
of sterile neutrinos has been discussed in the
literature since the first studies of Pontecorvo
[5]; in recent years, interest in this problem
has become especially acute in connection
with reports on the LSND experiments (see,
for example, [26, 27] and references therein).
The potential of nuclear reactors for sterile-
neutrino searches was schematically consid-
ered in [28].
1.3. Experiments and Projects
CHOOZ
The antineutrino detector used was con-
structed in an underground (300 mwe)
6gallery at distances of 1000 and 1100 m from
two PWR reactors. The total rated power
of the reactors was 8.5 GW. The detector
(see Fig. 1) was formed by three concentric
spheres. The central zone, which contained 5
t of a liquid organic scintillator with an ad-
dition of gadolinium (about 1 g/l), served as
a target for electron neutrinos. The target
was surrounded by a liquid-scintillator layer
(not containing gadolinium) of thickness 70
cm followed by third layer (90 t of a scintilla-
tor), which acted as a passive and an active
shielding of the detector. Two inner zones
of the detector were viewed by 192 eight-
inch phototubes mounted on a nontranspar-
ent screen. The second zone (buffer vol-
ume), which absorbed annihilation photons
and photons arising upon neutron capture
in gadolinium that escaped from a compar-
atively small target, improved considerably
the calorimetric properties of the detector.
The experiment was conducted from April
1997 till July 1998. This was the period
within which the newly constructed reactors
gradually approached the rated mode of op-
eration. This circumstance made it possible
to have sufficient time for performing mea-
surements during the operation of each of the
two reactors, with the other reactor being off;
during the simultaneous operation of the two
reactors; and during the period within which
the reactors were both off (see Table 1).
Neutrino events were required to satisfy
the following selection criteria: (a) The en-
ergy of the first (positron) event and the en-
ergy of the second (neutron) event must lay
within the ranges 1.3−8 and 6−12 MeV, re-
spectively. (b) The time interval between the
positron and the neutron event must be in the
range 2−100 µs. (c) The spatial conditions
are such that the distance between the pho-
totube surface and any event must not be less
than 30 cm and that the first and the second
event must not be separated by a distance
longer than 100 cm. As soon as these se-
lection criteria are imposed, the efficiency of
neutrino-event detection becomes ǫ = (69.8
±1.1)%.
In all, about 2500 antineutrinos were
recorded over the time of measurements, with
the measured counting rate being 2.58 ν¯e/d
per 1 GW of reactor power; the typical event-
to-background ratio was 10 : 1. The positron
spectra measured within the reactor operat-
ing and shutdown periods are displayed in
Fig. 2. The ratio Rmeas/calc of the measured
neutrino events to that which is expected in
the absence of oscillations proved to be
CHOOZ : Rmeas/calc (13)
= 1.01± 2.8%(stat.) ± 2.7%(syst.).
In this result, the main contribution to the
systematic error comes from the uncertain-
ties in the reaction cross section (1.9% − see
Subsection 2.1 below), in the efficiency of the
neutrino-event detection (1.4%), and in the
number of target protons (0.8%).
Constraints on the oscillation parameters
were obtained by comparing the entire body
of information accumulated in the experi-
ment with the values that are expected in
the absence of oscillations. The result (the
”CHOOZ” curve in Fig. 3) depends directly
on knowledge of the absolute values of the
characteristics of the neutrino flux and spec-
trum, on the cross section for the inverse-
beta-decay reaction, and on the features of
the detector. As can be seen from Fig.
3, electron neutrinos do not show, at the
achieved level of accuracy, oscillations in the
region ∆m2atm:
sin2 2θCHOOZ ≤ 0.1, (14)
U2e3 ≤ 2.5 × 10
−2 (at∆m2 = 3× 10−3 eV2).
7The result presented in (14) establishes
definitively that νµ ↔ νe oscillations can-
not play a decisive role in the atmospheric-
neutrino anomaly.
Table 1
Modes of data accumulation in the CHOOZ
experiment
Reactor 1 Reactor 2 Time, d W, GW
+ 0 85.7 4.03
0 + 49.5 3.48
+ + 64.3 5.72
0 0 142.5 −
Searches for oscillations in long-baseline
and very long baseline experiments in ever
lower fluxes of electron antineutrinos re-
quire drastically improving the techniques for
recording reactor neutrinos. The background
level of about 0.25 event/d per 1 t of target
mass achieved in the CHOOZ experiment is
nearly 1000 times lower than in any of the
previous experiments of this kind., In this
connection, we would like to note two key
points. First, this is the underground de-
ployment of the experiment. Under a rock
layer of thickness 300 mwe the muon flux,
which is the main source of a correlated back-
ground, decreases in relation to that at the
Earth’s surface by a factor of about 300 down
to a level of 0.4/m2s. The second point
is associated with the design of the detec-
tor. The introduction of the buffer zone (see
Fig. 1) reduces the level of the random-
coincidence background, shielding the fidu-
cial volume from the high natural radioac-
tivity of the phototube glass and structural
materials.
Palo Verde
In the Palo Verde experiment, three PWR
reactors belonging to the same type and hav-
ing the total (thermal) power of 11.6 GW are
at distances of 890, 890, and 750 m from a
detector constructed in an underground lab-
oratory (32 mwe). Once a year, each of the
reactors is shut down for about 40 days, while
the other reactors continues operating over
this time interval.
The experiment being discussed employs a
detector whose design is totally different from
that of the CHOOZ detector and uses more
involved methods the for selecting neutrino
events. These distinctions are dictated by a
much more intense muon flux to the detec-
tor (about 20/m2s) and by a less favorable
schedule of reactor operation. The electron-
antineutrino detector has the form of a 6 ×
11 matrix composed of long sections whose
dimensions are 12.7 × 25 × 900 cm. The 7.4-
m-long central part of each section contains a
liquid scintillator with an addition of gadolin-
ium; the endface parts of a section are filled
with mineral oil, each of such endface parts
housing a phototube (see Fig. 4). The total
mass of the target scintillator is 12 t. From all
sides, the target is surrounded by a purified-
water layer (passive shielding) followed by
the scintillation sections of an active shield-
ing, which generate, in response to the prop-
agation of cosmic-ray muons through them,
anticoincidence signals, whose frequency is 2
kHz.
A preliminary selection of candidates for
events of reaction (1) is accomplished accord-
ing to the following criteria: (a) The positron
event must be fast (30 ns), and there must
be a coincidence between three sections, with
the thresholds being 500 keV (positron ion-
ization) in one of them and 40 keV (Comp-
ton electrons from annihilation photons) in
8the other two. (b) The same conditions must
hold for the neutron event. (c) The expecta-
tion time for the second event must be 450
µs, which is much longer than the neutron
lifetime in the scintillator (about 30 µs); use-
ful and background events are detected in
the first part of the interval, while the back-
ground of random coincidences is recorded
within its second part. Events satisfying the
above criteria were accumulated and were
subjected to additional amplitude and spatial
criteria in the course of a subsequent treat-
ment. Upon imposing all the selection crite-
ria, the efficiency effect-to-background ratio
of 1 : 1.
The total time of data accumulation in
1998 and 1999 was about 202 days; for 59
days of these, two of the three reactors op-
erated. Two different methods were applied
to single out the neutrino signal. Of these,
one was the usual on-off method, which was
based on measuring the electron-antineutrino
flux within the shutdown period of one of
the reactors, in which case the electron-
antineutrino flux from the operating reac-
tors was considered as a background com-
ponent. To the best of my knowledge, the
other method was applied for the first time.
This method made it possible to employ the
entire body of accumulated data and to sep-
arate the useful effect from the background
directly in these data. This method, dubbed
by the authors a swap method, relies on the
similarity of the amplitude spectra of the first
and the second signal in time that stem from
a background event and on their pronounced
distinction in case of the positron and neu-
tron originating from reaction (1).
As a result, it was found that the measured
number of neutrino events and that which
was expected in the absence of neutrino os-
cillations satisfy the relation
PaloV erde : Rmeas/calc (15)
= 1.04 ± 3%(stat.)± 8%(syst.).
In this result, the systematic uncertainty is
presently three times as great as the analo-
gous uncertainty in the CHOOZ experiment
[see relation (13)]. It is foreseen that a further
data treatment will lead to a reduction of the
uncertainties (F. Boehm, private communi-
cation). Figure 3 shows the constraints that
were obtained for the neutrino-oscillation pa-
rameters by using the entire body of informa-
tion accumulated by the end of 1999 (Palo
Verde curve).
Kr2Det project
The Kr2Det project is that of an experi-
ment that will seek oscillations in the region
around ∆m2atm ∼ 3× 10
−3 eV2, but which is
expected to have a much higher sensitivity to
the mixing parameter than the CHOOZ and
the Palo Verde experiment. The implemen-
tation of this project would make it possible
to measure the mixing-matrix element Ue3 or
to set a more stringent limit on it. It is inter-
esting to note that, if the LMA MSW version
does indeed solve the solar-neutrino problem,
the analysis [29] shows that the value of U2e3
may be close to the limit that is set by 4 the
current constraint U2e3 ≤ 2.5× 10
−2.
The basic features of the experiment being
discussed are the following:
(i) In order to achieve a higher rate of data
accumulation, the target mass is enhanced in
relation to that of the CHOOZ detector by
nearly one order of magnitude. For a target,
use is made of an organic scintillator of mass
45 t without gadolinium additions.
(ii) In order to eliminate the majority of
methodological errors, measurements will be
9performed by simultaneously using two iden-
tical spectrometers of electron antineutrinos
− a far and a near one that are positioned
at distances of, respectively, 1100 and 150 m
from the reactor.
(iii) The experiment will be performed at
a depth of 600 mwe, whereby the cosmic-ray
component of the background is suppressed
down to a rather low level.
The detectors have a three-zone structure
(see Fig. 5). The phototubes used are
mounted on a metal sphere that separates
zones 2 and 3 by light, which are filled with
nonscintillating mineral oil. The expected
magnitude of a scintillation signal is 100 pho-
toelectrons per 1 MeV of energy absorbed
in the scintillator. The energy resolution is
σ ≈ 0.14
√
E(MeV ).
Candidates for a neutrino event are re-
quired to satisfy the following selection cri-
teria: (a) The energy of the first (positron)
event and the energy of the second (neu-
tron) event must lie in the ranges 1.2−9.0
and 1.7−3.0 MeV, respectively. (b) The sec-
ond event must be recorded within the time
window 5−500 µs. (c) The spatial distances
between the events must not exceed 100 cm.
The duration of an anticoincidence signal is
1000 µs at a repetition frequency of about
10/s. Under these conditions, events of reac-
tion (1) are recorded with an efficiency 80%,
the counting rate in the far detector being
Nν = 52 ν¯e/d; the expected background level
is about 10% of the magnitude of the useful
effect.
In the case where there are no oscillations,
the ratio Xf,n of the positron spectra mea-
sured in reaction (1) simultaneously by the
far (f) and by the near (n) detectors,
Xf,n = C
(1− sin2 2θ sin2 φf )
(1− sin2 2θ sin2 φn)
(16)
(φf,n = 1.27∆m
2Lf,nE
−1, Lf,n= 1100 and
150 m), is independent of the positron en-
ergy. Searches for nonzero values of the oscil-
lation parameters sin2 2θ and ∆m2 are based
on an analysis of small deviations of the ratio
in (16) from a constant value. The results of
this analysis do not depend on precise knowl-
edge of the spectrum of reactor antineutri-
nos, on the reactor power, on the number
of protons in the target, or on the detection
efficiency. However, the possible distinction
between the spectral features of the detec-
tors used requires monitoring. A method is
being developed that would make it possi-
ble to reveal this distinction and, if neces-
sary, to introduce relevant corrections. It is
assumed that the corresponding systematic
uncertainty will not exceed a few tenths of a
percent. The expected cconstraints are dis-
played in Fig. 3 (Kr2Det curve). It is fore-
seen that the experiment will record 40000
electron antineutrinos.
KamLAND
The electron-antineutrino flux is 1000
times less in this experiment than in the
CHOOZ experiment. Fifty reactors of an
atomic power plant in Japan, which have a
total thermal power of about 130 GW, serve
as a source of antineutrinos. The detector
is positioned at distances of about 100 to
800 km from the reactors. About 70% of
the electron-antineutrino flux is generated by
the reactors occurring at distances of 145 to
214 km from the detector. The flux never
decreases down to zero, but it undergoes
seasonal variations, changing by ±(10-15)%
around its mean-annual value.
The detector is being constructed at a
depth of 2700 mwe in the cavern that previ-
ously housed the Kamiokande facility. Pho-
totubes that cover 30% of the surface view,
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through the oil layer of the buffer zone of
thickness 2.5 m, a spherical target contain-
ing 1000 t of a liquid scintillator (see Fig. 6).
In contrast to the detectors described above,
the outer layer is filled with water here. In
just the same way as in the other cases, this
zone plays the role of a passive and an ac-
tive shielding. The expected muon flux to
the detector is about 0.3/s. In order to re-
duce the background associated with natu-
ral radioactivity, it is proposed to purify the
target scintillator from uranium an thorium
to a level of 10−16g/g. Special measures are
taken to prevent the penetration of radon
into the scintillator. In addition to conven-
tional criteria for selecting neutrino events in
amplitude, in time, and in positron-neutron
spacing, some additional criteria will be im-
posed to eliminate the background (for more
details, see [4]). At a 100% detection effi-
ciency, the neutrino-event counting rate com-
puted in the absence of oscillations is about
800/yr, the event-to-background ratio being
not poorer than 10 : 1. However, it is in-
dicated in the project that in the positron-
energy region extending up to about 2.5 MeV
there must be an irremovable background of
so-called terrestrial antineutrinos originating
from the chains of uranium and thorium de-
cays, its magnitude in this energy region be-
ing commensurate with the signal from the
reactors used. In passing, we note that prob-
lems associated with studying the antineu-
trino activity of the Earth, which are of prime
interest for geology, were posed more than
forty years ago [30].
In Fig. 7, the positron spectra expected
in the experiment are shown for a few values
of ∆m2. It is believed that measurements
spanning a period of three years will make it
possible to establish with confidence whether
the electron neutrino oscillates with param-
eters from the LMA MSW region (see the
KamLAND curve in Fig. 3).
2. SEARCHES FOR THE NEU-
TRINO MAGNETIC MOMENT
2.1. Spectra and Cross sections
Information presented in this section may
be of use in considering and planning reac-
tor experiments aimed at improving the sen-
sitivity of searches for the neutrino magnetic
moment.
Electron-antineutrino scattering on
free electrons
An antineutrino that possesses a magnetic
moment µν can be scattered by an electron.
The cross section for magnetic scattering on a
free electron at rest, dσm/dT , is proportional
to µ2ν [31]; that is,
dσm
dT
= πr20
(
µν
µB
)2 ( 1
T
−
1
E
)
, (17)
where πr20 = 2.495 × 10
−25 cm2, E is the
incident-neutrino energy, and µB is the Bohr
magneton.
The cross section for ν¯ee scattering associ-
ated with weak interaction (see, for example,
[8]) is given by
dσw
dT
= G2F
m
2π
[4x4 + (1 + 2x2)2 (18)
×
(
1−
T
E
)2
− 2x2(1 + 2x2)
mT
E2
],
where x2 = sin2 θW = 0.232 is the Wein-
berg angle and magnetic interaction and
G2F (m/2π) = 4.31 × 10
−45 cm2/MeV.
For a given value of the incident-neutrino
energy, the kinetic energy of the recoil elec-
tron is constrained by the condition
T ≤ Tmax =
2E2
(2E +m)
. (19)
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An experiment consists in measuring the
total spectrum of recoil electrons upon scat-
tering associated with weak and magnetic
interaction, Sw(T ) + Sm(T ). The spec-
tra Sw(T ) and Sm(T ) (cm2 MeV−1 fission
event−1) are represented as the convolutions
of the cross sections in (17) and (18) with the
reactor-antineutrino spectrum ρ(E) (MeV−1
fission event−1). Here, scattering associated
with weak interaction − a process of impor-
tance in its own right-plays the role of a back-
ground that is correlated with the operation
of the reactor used. As the kinetic energy
T of the recoil electron decreases, the spec-
trum Sm(T ) grows indefinitely, whereas the
spectrum Sw(T ) tends to a constant limit
(see Fig. 8). The two spectra become equal
at T = 300 (2.5) keV for µν = 10
−10µB
(µν = 10
−11µB).
In order to discover the magnetic moment
at the level of µν = 10
−11µB, it is there-
fore necessary to measure the recoil-electron
spectra in the energy region below a value of
about 10 keV. At such low values of the recoil
energy, the differential cross sections in (17)
and (18) for the spectrum of reactor electron
antineutrinos assume the asymptotic form
dσm
dT
= 2.495 × 10−47cm2/T (20)
(for µν = 10
−11µB),
dσw
dT
= 10.16 × 10−45cm2/MeV.
In this approximation, the recoil-electron
spectra Sm,w(T ) are independent of the de-
tails of the shape of the spectrum ρ(E) −
they are determined exclusively by the to-
tal number of antineutrinos per fission event,
Nν =
∫
ρ(E)dE (fission event)−1; that is,
Sm(T ) = 2.495 × 10−47Nν/T (21)
in units cm2MeV −1 fission event−1
(for µν = 10
−11µB),
Sw(T ) = 10.16 × 10−45Nν
cm2 fission event−1.
Spectrum of reactor antineutrinos
The reduction of the recoil-electron-
detection threshold increases the contribu-
tion that electron antineutrinos from the re-
gion lying below the threshold for inverse
beta decay make to scattering associated
with magnetic and weak interaction; as was
indicated above, nearly the entire spectrum
of electron antineutrinos comes into play as
soon as the threshold becomes less than some
15 keV.
Here, we would like to highlight the qual-
itative features of the soft section of the
reactor-antineutrino spectrum that were re-
vealed in recent years [32, 33].
About three-fourths of all electron antineu-
trinos emitted by a reactor fall within the en-
ergy range 0−2 MeV. A significant contribu-
tion to the spectrum in this range comes from
antineutrinos originating from the beta decay
of nuclei that are formed in the reactor core
upon radiative neutron capture, This contri-
bution can be evaluated on the basis of the
data given in Fig. 9, which depicts a typical
total spectrum of electron antineutrinos and,
separately, its component associated with the
beta decay of fission fragments.
The spectrum and the intensity of the
electron-antineutrino flux are not determined
unambiguously by the current reactor state,
which is specified by the preset power level
and by the isotopic composition of the burn-
ing nuclear fuel − they also depend on the
prehistory of this state. From the start of
the reactor, there begins a long-term process
through which the flux approaches its equi-
librium value; after the reactor shutdown,
the flux begins to fall off slowly, and this
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falloff does not have time to be completed by
the instant at which the next operating pe-
riod starts (see Fig. 10). In experiments of
the type being discussed, the detector back-
ground is measured within shutdown periods
(that is, between two successive operating pe-
riods), but, in such periods, there is, in fact, a
residual radiation of nuclear fuel occurring in
the shutdown reactor. The growth of the flux
and its falloff are accompanied by changes in
the spectral content of electron antineutrinos
and, hence, in the spectra of recoil electrons.
In order to describe accurately the to-
tal spectrum of reactor antineutrinos, it will
be necessary to refine further available data
on the contributions of its individual com-
ponents and their time dependences and
to make use of specific information about
the previous operation of the reactor used
throughout two to three years. As a rule,
such information can be provided by the per-
sonnel of the corresponding atomic power
plant. The need for such refinements is dic-
tated by the demands of the experiments that
are being performed and planned.
Inelastic scattering on atomic electrons
As the energy lost by a neutrino in a col-
lision event decreases, effects associated with
the binding of atomic electrons become oper-
ative. In the case of inelastic scattering on an
electron occurring in the ith subshell, the en-
ergy transfer q from the electron antineutrino
is equal to the sum of the kinetic energy of
the knock-on electron and its binding energy
ǫi in this subshell; that is,
q = ǫi + T. (22)
The filling of the vacancy formed is accompa-
nied by the emission soft X-ray photons and
Auger electrons of total energy ǫi that is ab-
sorbed in a detector material. As a result, the
event energy observed in the experiment be-
ing discussed coincides with the energy trans-
fer q in a collision. The differential cross sec-
tions and spectra for inelastic scattering on
an electron of the ith shell due to magnetic
and weak interaction vanish for q ≤ ǫi.
To a precision of 2 to 3%, the results ob-
tained by numerically calculating the spectra
for the magnetic-interaction-induced (Smin)
and the weak-interaction-induced (Swin) in-
elastic scattering of reactor antineutrinos on
the electrons of a iodine (Z = 53) and a ger-
manium (Z = 32) atom can be approximated
as [34]
Sm,w(q) ≈
[
1
Z
∑
i
niθ(q − ǫi)
]
Sm,wfree(q), (23)
where summation is performed over the sub-
shells of the atom involved; ni is the num-
ber of electrons in the ith subshell; θ(q −
ǫi) is the Heaviside step function, which
is equal to unity for q ≥ ǫi and to zero
for q < ǫi; and S
m,w
free(q) is the kinetic-
energy spectrum for magnetic interaction-
induced (weak-interaction-induced) scatter-
ing on free electrons (see above), in which
case ǫ = 0 and q = T . It is worthy of
note that, in this approximation, the bind-
ing of atomic electrons exerts the same effect
on magnetic-interaction-induced and weak-
interaction-induced scattering.
The calculated binding energies of elec-
trons are given in Table 2.
The actual calculations of inelastic scatter-
ing were performed in the energy-transfer (q)
range from 1−1.5 to 200−300 keV for the
K,L, and M shells of the iodine atom and
the K and L shells of the germanium atom,
the remaining electrons being considered to
be free.
Relation (23) can be formulated in the
form of the following rule:
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Table 2
Binding energies (in keV) of the electrons in the iodine (Z=53) and the germanium (Z=32)
atom
Z
1s1/2
K
2s1/2
LI
2p1/2
LII
2p3/2
LIII
3s1/2
MI
3p1/2
MII
3p3/2
MIII
3d3/2
MIV
3d5/2
MV
53 32.9 5.09 4.78 4.48 1.03 0.90 0.84 0.61 0.60
32 10.9 1.37 1.22 1.19
In order to find the distribution of observed
energies for the case of inelastic scattering on
an atom due to magnetic (weak) interaction,
it is necessary to compute the spectrum of
kinetic energies for inelastic scattering on a
free electron due to magnetic (weak) interac-
tion and multiply the result by the response
function R,
R =
1
Z
∑
i
niθ(q − ǫi), (24)
which depends only on the binding energy of
the electrons in the atom.
As can be seen from relations (23) and (24)
and from Fig. 11, the spectra for elastic scat-
tering do not differ from the spectra for in-
elastic scattering if the energy transfer ex-
ceeds the binding energy of a K electron in
the target atom. As the energy transfer de-
creases, an ever greater number of internal
atomic electrons successively cease to take
part in the scattering process, with the result
that the spectra for inelastic scattering con-
stitute an ever smaller fraction of the spectra
for elastic scattering. At the energy-transfer
value as low as 1 keV, the ratio of the spec-
trum for inelastic scattering to the spectrum
for elastic scattering reduces to 41/53 for io-
dine and to 22/32 for germanium.
The authors of [34] discussed the accuracy
and the applicability range for the recipe in
(23) and presented some examples where this
recipe is hardly workable or where it is not at
all applicable.
2.2. Experiments
The experiments reported in [11, 12], as
well as the earlier experiment described in
[35], were intended for verifying theoretical
predictions for the structure of weak νee in-
teraction. In practice, it turned out, however,
that the main problem that arises in detect-
ing single electrons from ν¯ee scattering is that
of the detector background, which could not
be reliably removed despite massive efforts
mounted for many years to solve this prob-
lem. As a result, it proved to be impossible
to test, in reactor experiments, the Standard
Model in the sector of first-generation lep-
tons, which is the clearest sector from the
theoretical point of view. The cross section
for scattering due to weak interaction was ex-
perimentally determined in [11, 12] to a rel-
ative precision of 50%. Searches for the neu-
trino magnetic moment involve still greater
difficulties.
In this section, we will consider attempts at
reducing the limit on µν that are being under-
taken by the MUNU collaboration (Grenoble-
Munster-Neuchatel-Padova-Zurich) at the re-
actor in Bugey [36] and by the Kurchatov
Institute in a collaboration with the Peters-
burg Nuclear Physics Institute at the reactor
in Krasnoyarsk [37]. Also, mention is briefly
made of new-type detectors developed at the
Institute for Theoretical and Experimental
Physics (ITEP, Moscow) and at the Joint In-
stitute for Nuclear Research (JINR, Dubna),
The expected event-countlng rates that are
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Table 3
Number of recoil electrons for a target expo-
sure of 1000 kg d that are associated with
electron-antineutrino scattering on free elec-
trons due to weak (w) and magnetic (m)
µν = 3× 10
−10µB interaction
Range of Bugey Krasnoyarsk
recoil-electron
energies, keV w m w m
1−4 11 122 6 67
4−16 43 120 24 66
16−60 140 100 77 55
60−250 360 90 200 50
250−1000 750 50 410 27
quoted in Table 3 give an idea of the orders
of magnitude of the quantities with which one
has to deal in experiments studying electron-
antineutrino scattering on electrons.
MUNU
The MUNU collaboration has constructed
a time-projection chamber (TPC) of volume
about 1 m3, the chamber being filled with a
CF4 gas. At a pressure of 5 atm the target
mass is 18 kg. The chamber is surrounded by
a liquid scintillator (LS) playing the role of an
active and a passive shielding (see Fig. 12).
The gas circulates, passing through filters ab-
sorbing oxygen. Since 1998, the detector has
been arranged at a distance of 18.6 m from
the center of the Bugey reactor. The struc-
tural materials of the reactor edifice that are
situated above the detector and which are of
thickness approximately equal to 20 mwe en-
sure shielding from the hadronic component
of cosmic rays.
The experiment being discussed as mea-
sured the energy and the angular distribution
of electrons with respect to the momentum
of incident electron antineutrinos. Within
the reactor shutdown periods, it was found
that the distribution of background events
is nearly isotropic. However, the absolute
value of the background proved to be unac-
ceptably large, and test measurements were
performed at a detection threshold of 800 to
1000 keV. Investigations made it possible to
establish the origin of the main background
sources. It turned out that the oxygen fil-
ter is a source of radon and that the material
of the chamber cathode contains an admix-
ture that emits beta particles with an end-
point energy of about 1.2 MeV, The removal
of the filter and a replacement of the cathode
reduced considerably the background, where-
upon the threshold was lowered to 300 keV
Krasnoyarsk
The detector is being arranged at a depth
of 600 mwe In the new laboratory room,
where the flux of electron antineutrinos is
about 40% less than in the MUNU experi-
ment. The target for electron antineutrinos
consists of 604 silicon crystal detectors form-
ing a compact assembly of four hexahrdral
matrices, each containing 151 crystals. An
individual detector is made in the form of a
cylinder of diameter 29 mm and height 100
mm. The total mass of silicon is 80 kg, A
HPGe detector of volume 116 cm3 is posi-
tioned at the center of the assembly. The
carrying part of the matrices is manufactured
from radiation-pure fluoroplastic. The tar-
get is placed in a cooled chamber with walls
of oxygen-free copper. Signals from individ-
ual crystals are transmitted through stepwise
channels to vacuum joints and, further, to
preamplifiers. The vacuum casing of the de-
tector − it is 64 cm in diameter and 62 cm in
height and is manufactured from titanium of
thickness 4 mm − protects the detector from
the penetration of radon (see Fig. 13). This
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casing is followed by a few layers of a passive
and an active shielding, the layer closest to
the chamber being made of lead.
It is planned that the detector will have
been commissioned at the beginning of 2002.
The electron detection threshold is presumed
to be at a level of 50 keV. The sensitivity to
be achieved in this experiment will crucially
depend on the level of the detector back-
ground.
Large xenon chamber (ITEP)
A time-projection chamber filled with liq-
uid xenon whose total mass will be 750 kg is
being presently developed at ITEP [38]. A
scintillation flash arising in xenon upon an-
tineutrino scattering on an electron is fixed
by photodetectors specifying the instant at
which ionization electrons begin to drift along
the electric field aligned with the chamber
axis. After that, the electrons are taken away
into the gas phase, where their energy and
their X and Y coordinates are measured. In
the total volume occupied by xenon, the cen-
tral part containing 150 kg of it will serve as
a target proper for antineutrinos, while the
remaining xenon, that which surrounds the
target, will play the role of a passive and an
active shielding.
The threshold for scattering-event detec-
tion is planned to be set at a level not ex-
ceeding l00 keV. According to the estimate
of the authors of the project, a sensitivity in
the range (3− 5)× 10−11µB will be achieved
in the reactor-electron-antineutrino flux of ν¯e
2× 1013/cm2 s.
At present, a detector prototype contain-
ing 150 kg of xenon is being tested (A.G.
Dolgolenko private communication).
Toward ultralow energies
As the threshold for recoil-electron detec-
tion is decreased, events associated with scat-
tering due to magnetic interaction are con-
centrated in ever narrower energy intervals
(see Table 3). Not only does this localiza-
tion of magnetic-scattering events reduce the
background that is generated by events of
scattering due to weak interaction and which
is correlated with the reactor operation, but
it also diminishes the relative contribution
to these intervals from the intrinsic detector
background, which is the main obstacle to
advances toward the region of small magnetic
moments.
Semiconductor ionization germanium de-
tectors make it possible to explore the re-
gion of energies much lower than those in-
vestigated in the Bugey and Krasnoyarsk ex-
periments. By using a HPGe crystal of mass
about 2 kg at the Gran Sasso laboratory,
which is situated at a depth of 3200 mwe,
the Heidelberg-Moscow collaboration demon-
strated the possibility of achieving, in the
range 11−30 keV; the background spectral
density at a level of 0.1/(keV kg d) [39]. To
the best of my knowledge, this is the best
result in the region of low energies.
The spectrometer GEMMA, which em-
ploys a germanium crystal of mass 2 kg and
a system of active and passive shielding, has
been created and is being tested at ITEP
([40] and A.S. Starostin, private communi-
cation). It is expected that, at a detection
threshold of about 3 keV and a 20 mwe depth
of deployment, the spectrometer background
will not exceed 0.3/(keV kg d). A cryostat
makes it possible to increase the germanium
mass up to 6 kg. It is planned that the spec-
trometer will be installed at one of the re-
actors of the atomic power plant in Kalinin.
According to the estimate of the authors of
the project, the sensitivity to the value of µν
there will be about 3 × 10−11µB in a flux of
2 × 1013ν¯e/s over two years of data accumu-
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lation.
At present, low-background detectors are
being developed for measuring much lower
energies (see [41] and references therein).
These are, first of all, a silicon cryogenic de-
tector that employs the effect of ionization-
to-heat transition, which was discovered at
JINR in the 1980s, and, then, a germanium
detector involving an internal amplification
of ionization signals (avalanche germanium
detector, also known as AGD ). Employment
of such detectors will further expand the pos-
sibilities for seeking the neutrino magnetic
moment. However, advances down the scale
of electron energies measured in reactor ex-
periments are hampered by the emergence of
a new form of correlated background, that
which is associated with recoil nuclei from
elastic neutrino-nucleus scattering. Here, at
the threshold of the absolutely unexplored re-
gion, we conclude the section devoted to de-
scribing searches for the antineutrino mag-
netic moments in reactor experiments.
CONCLUSION
Reactor experiments make it possible to
explore the masses of the neutrinos and their
mixing in the region of small mass parameters
not presently accessible to accelerator exper-
iments. The CHOOZ experiment established
definitively that the νe → νx channel is not
dominant in the oscillations of atmospheric
neutrinos. KamLAND may become the first
experiment that will employ terrestrial neu-
trino sources and which will discover the phe-
nomenon of oscillations, determine the con-
tributions of the masses m1 and m2 to the
electron neutrino, and find a solution to the
solar-neutrino problem. The Kr2Det exper-
iment, which is characterized by a high sen-
sitivity to small mixing angles, will probably
be able to reveal the contribution of the mass
m3 to the electron neutrino or to set a more
stringent limit on its value. These investiga-
tions rely on unprecedented improvements in
methods for detecting the inverse-beta-decay
reaction.
Searches for the neutrino magnetic mo-
ment that are being performed at the reac-
tors in Bugey and Krasnoyarsk, an experi-
ment that will employ a large xenon chamber
and which is being prepared at ITEP, and a
foreseen breakthrough into the region of low
and ultralow recoil-electron energies will pre-
sumably permit going beyond the constraint
µν ≤ 2 × 10
−10µB, which could not have
been strengthened for the three past decades,
and expanding the range of searches toward
a value of µν ∼ 10
−11µB .
The metrological basis of these investiga-
tions has become firmer. In particular, the
features of the flux and of the spectrum of
reactor antineutrinos are being refined and
a simple recipe has been found that makes
it possible to determine the cross sections for
the inelastic scattering of reactor electron an-
tineutrinos on atomic electrons.
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Figure 1. Layout of the CHOOZ detector (its
description is given in the main body of the
text).
Figure 2. Spectra of positrons in the CHOOZ
experiment during the reactor (closed circles)
operating and (open circles) shutdown peri-
ods.
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Figure 3. Constraints obtained for the oscil-
lation parameters in the CHOOZ and Palo
Verde experiments at a 90% C.L. and con-
straints expected in the Kr2Det and Kam-
LAND projects.
Figure 4. Layout of the Palo Verde detector.
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Figure 5. Layout of the Kr2Det detector: (1)
target (liquid scintillator), (2) buffer (paraffin
oil), (3) transparent film and (4) anticoince-
dence region (paraffin oil).
Figure 6. Layout of the KamLAND detector.
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Figure 7. Positron spectra in the KamLAND
experiment for a few values of the mass pa-
rameter from the LMA MSW region (calcu-
lation).
Figure 8. Spectra for νee scattering associ-
ated with weak and magnetic interaction (re-
sults of the calculations). The figures on the
curves representing the spectra for magnetic
scattering are the values of µν in 10
−10µB
units.
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Figure 9. Soft section of the spectrum of re-
actor electron antineutrinos. Figure 10. Time evolution of the flux of
reactor antineutrinos: (a) growth of Nν =∫
ρ(E)dE after the start of the reactor and
(b) falloff after the shutdown of the reactor
(in percent with respect to the flux at the end
of the reactor operating period). The vertical
dotted line in Fig. 10b indicates the instant
at which the next operating period begins.
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Figure 11. Response functions for iodine and
germanium [see Eq.(24)]. Figure 12. MUNU detector of ν¯ee scattering
in Bugey.
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Figure 13. Layout of the multicrystal detec-
tor for ν¯ee scattering in Krasnoyarsk (central
part).
